Study Objectives: To assess the effect of adenotonsillectomy for relieving obstructive sleep apnea syndrome (OSAS) symptoms in children on cardiac autonomic modulation.
Introduction
Between 3 and 15 per cent of children experience some level of upper airway obstruction (UAO) during sleep [1] , ranging from primary snoring to obstructive sleep apnea syndrome (OSAS). Most children are at the milder end of this spectrum. UAO has often been associated with impairment of neurocognitive and behavioral function, but increasing evidence suggests that it also affects autonomic cardiovascular control [2] [3] [4] [5] . Importantly, OSAS is a key driver of change in the cardiovascular system [6] [7] [8] and may increase the risk of developing cardiovascular disease later in life [4, 5, 9] .
As the most common etiology for childhood OSAS is enlarged tonsils and adenoids, the recommended first-line of treatment is adenotonsillectomy (AT). Although the efficacy of AT for children with UAO has been widely confirmed, residual symptoms and parental concerns are known to persist after surgery [10] [11] [12] [13] [14] . Additionally, current clinical diagnostic markers of UAO derived from overnight polysomnography (PSG), such as apnea-hypopnea index (AHI), are less discriminative in identifying children with mild OSAS who despite their lower AHI may benefit from AT. The effect of mild UAO on children's health remains debatable. Postsurgical complications and the healthcare costs associated with performing large numbers of AT have become further concerns [11] [12] [13] .
Heart rate variability (HRV) is commonly used to noninvasively measure cardiac autonomic activation. But findings on the effect of UAO on HRV in children are inconclusive [2, [15] [16] [17] [18] [19] . Absolute HRV values may vary significantly between and within individuals, hampering its diagnostic potential. Symbolic analysis of heart rate patterns provides an alternative way to quantify autonomic control. It allows detecting particular heart rate patterns of interest, e.g. sequences of monotonously increasing or decreasing heart rates. Several studies have shown that symbolic analysis can capture diagnostically useful features of cardiac control [20] [21] [22] [23] .
The aim of this study was to investigate the effects of AT for OSAS on cardiac autonomic modulation by measuring the relative frequency of monotonously increasing/decreasing heart rate patterns. We hypothesized that AT reduces cardiac autonomic modulation throughout quiet, scored event-free sleep, observable through a reduction of monotonously increasing/ decreasing heart rate patterns on standard overnight PSG.
Methods

Study sample
We utilized data from the Childhood Adenotonsillectomy Trial (CHAT), a landmark multicenter randomized controlled trial, evaluating health and behavioral outcomes in children with OSAS who underwent early AT (eAT) versus watchful waiting with supportive care (WWSC) [24, 25] . Detailed particulars of the CHAT protocol have been previously published [25] . All data are publicly available at https://sleepdata.org/datasets/chat. In brief, children between 5.0 and 9.9 years of age with PSG-confirmed OSAS (obstructive AHI ≥ 2 events/hr or an obstructive apnea index [OAI] ≥ 1 events/hr), a history of snoring and considered to be surgical candidates for AT were recruited from pediatric sleep centers/sleep laboratories, pediatric otolaryngology clinics, general pediatric clinics, and the general community from six clinical centers. Exclusion criteria included comorbidities, medications for psychiatric or behavioral disorders, recurrent tonsillitis, extreme obesity (body mass index > 2.99 for age group and sexz-score) and severe OSAS (AHI ≥ 30 events/hr, OAI ≥ 20 events/hr or oxyhemoglobin saturation < 90 per cent for >2 per cent of total sleep time). The study was approved by the Institutional Review Board of each institution. Informed consent was obtained from caregivers, and assent from children ≥7 years of age.
CHAT interventions
Children were randomly assigned to either eAT (surgery within 4 weeks after randomization) or a strategy of WWSC with reassessment of all the study variables at approximately 7 months. Complete bilateral tonsillectomy and removal of obstructing adenoid tissue was performed using standard surgical techniques.
Overnight polysomnography
Each child underwent in-laboratory baseline and follow-up PSG carried out by study-certified technicians, following American Academy of Sleep Medicine pediatric guidelines for both acquisition and scoring [26] . The PSGs were centrally scored by registered sleep technicians. Overnight PSG was repeated approximately 7 months after randomization [25, 27] .
Symbolic analysis of heart rate patterns
Heart beat locations were extracted from ECG as detailed in Supplementary Material. The temporal distance between heartbeat locations yields a beat-to-beat time series of heart period (HP). HP changes were transformed into a sequence of symbols { , , } 0 1 2 and that represent coarse-grained heart rate dynamics (Supplementary Figure S1 ). We used a symbolization scheme that proved effective in earlier studies [20] , where symbols are assigned based on the following rules: 
where s n is the nth symbol in the beat to beat time series, x n represents the nth HP in the beat to beat time series, x n−1 the preceding HP, and l x is a predefined nonnegative threshold. In other words, symbol 0 represents an increase in HP between consecutive beats beyond the threshold, whereas symbol 1 indicates a decrease in HP; symbol 2 represents changes less or equal to the threshold. From the resulting symbols sequences series, "words" comprising three consecutive symbols were constructed using a sliding window approach (the window slides only by one symbol to the right at each step). The relative frequency of word types 000 and 111 was considered for further analysis, indicating the steady increase and decrease in HP, respectively, over four consecutive heartbeats.
Based on the results of a previous study investigating its ability for differentiating heart rate dynamics in children with sleepdisordered breathing and normal children, we set l x = 0 ms [28] . This threshold showed the best performance when using either entire PSG data as well as PSG segments free from discretely scored respiratory or motor events (e.g. apnea, hypopnea, arousal, and limb movement).
Statistical analysis
Statistical analysis were conducted using IBM SPSS 25 (Chicago, United States). Anthropometric data [28] were compared by using t-tests and Χ 2 tests as appropriate. One-way repeated measures ANOVA was carried out to investigate the effect of sleep stage on heart rate patterns, followed by a Bonferroni test based on Student's t statistic for post hoc comparisons. A twoway analysis of covariance (ANCOVA) was carried out to look at the effect of surgery on heart rate patterns with study (baseline vs. follow-up) and study arm (eAT vs. WWSC) in three different sleep stages. Also, a three-way analysis of covariance (ANCOVA) was carried out to test for the effect of AHI-normalization and study arm (eAT vs. WWSC) with study (baseline vs. follow-up) as the repeated measure on heart rate patterns in three different sleep stages. Anthropometric variables that were likely to confound statistical analysis (BMI z-score, BMI z-score change between follow-up and baseline, age, gender, and race) were included in the model as covariates. Spearman correlation analysis was conducted to explore the relationship between AHI, the extent of oxygen desaturation, peak-end tidal CO 2 , and heart rate patterns across all available PSG.
Results
Participant demographics
A total of 354 children of the original CHAT study who underwent both baseline and follow-up PSG and who had ECG signals meeting technical criteria were included in this study. The dataset comprised 181 children who underwent eAT and 173 children who were assigned to the WWSC group and participated in both the baseline and follow-up sleep studies and had PSG that met the technical requirements ( Figure 1 ). Baseline anthropomorphic characteristics are summarized in Table 1 . Both groups had comparable demographic profiles. Overall, the mean age of the participants at baseline was 6.55 years and 48 per cent were male. Approximately half (54.5 per cent) of the sample were African American and 33.9 per cent were obese. At follow-up, 82.3 per cent of participants in the eAT group no longer had AHI-defined OSAS, i.e. values of AHI ≤ 2 and OAI ≤ 1, whereas in the WWSC group, 43.4 per cent of children had spontaneous normalization of AHI scores. Children in the WWSC group who AHI-normalized spontaneously had an AHI of 3.42 ± 2.99 at baseline and 0.58 ± 0.47 at follow-up (p < 0.00001). Children who did not normalize had a baseline AHI of 6.81 ± 5.84 at baseline that increased to 9.18 ± 11.61 at follow-up (p = 0.07). In the eAT group, children who normalized had a baseline and follow-up of 5.20 ± 5.49 and 0.50 ± 0.44 (p < 0.00001), respectively. Children who did not normalize following surgery had baseline and follow-up AHIs of 7.37 ± 5.32 and 3.63 ± 3.38 (p = 0.0014), respectively, i.e. were more severely affected.
Spontaneously AHI-normalized children had significantly lower BMI z-score at baseline compared with children in the WWSC arm who did not normalize (0.63 ± 1.15 vs. 1.08 ± 1.23, p = 0.018). The change in BMI z-score at follow-up was significantly larger in children who did not normalize spontaneously (−0.007 ± 0.40 vs. 0.11 ± 0.33, p = 0. 038). There was no significant relationship between race and spontaneous AHI normalization. 
Effect of sleep stage on heart rate patterns
During baseline PSG the percentage of heart rate patterns observed, during different sleep stages, were 18.64 ± 6.65 per cent (N2), 16.52 ± 6.92 per cent (N3), and 16.57 ± 5.12 per cent (R), respectively, showing a significant sleep stage effect (p < 0.00001). Post hoc testing showed more frequent patterns in N2 sleep compared with both N3 and rapid eye movement (REM) sleep stages (N2 vs N3: p < 0.00001; N2 vs REM: p < 0.00001). Consequently, all subsequent data analyses were carried out for individual sleep stages.
Correlation between heart rate patterns and polysomnographic measures of hypoxia and hypoventilation
Statistically significant, but small positive correlations between the relative frequency of heart rate patterns and the extent of oxygen desaturation (percentage of sleep time spent at oxygen saturation T < 90 per cent: N2: r = 0.139, p < 0.001; N3: r = 0.134, p < 0.001; REM: r = 0.081, p < 0.032) were observed. A small, yet statistically significant positive correlation between heart rate pattern frequency and the percentage of sleep time at a partial CO 2 
Effect of surgery on heart rate patterns
A significant reduction in the percentage of heart rate patterns was observed at follow-up PSG in all three sleep stages (N2: p < 0.00001; N3: p < 0.00001; REM: p < 0.0001; Table 2 ). Significant study arm differences were observed in non-REM sleep stages (N2: p = 0.019; N3: p = 0.011). Study x study arm interaction effects were significant in all stages of sleep (N2: p = 0.0006; N3: p = 0.0026; REM: p = 0.0046), consistently pointing towards a reduction in heart rate patterns in the eAT group post-AT. Post hoc results demonstrate significantly less frequent patterns during follow-up compared with baseline PSG in all three sleep stages in the eAT group only (N2: p < 0.00001; N3: p < 0.00001; REM: p < 0.00001). The eAT group displayed significantly fewer heart rate patterns than the WWSC group during follow-up PSG throughout all sleep stages (N2: p < 0.00005; N3: p < 0.0001; REM: p = 0.011).
Of the covariates included in the models, increase in age was associated with a significant reduction in heart rate patterns in all three sleep stages (N2: F = 14.60; p = 0.00015; N3: F = 14.78; p = 0.00013; REM: F = 7.54; p = 0.0062). Gender showed a small yet significant association with heart rate pattern frequency in sleep stage N3 (F = 4.92; p = 0.027), where boys had fewer patterns than girls. BMI z-score change between follow-up and baseline was also significantly, but weakly associated with heart rate patterns in all the sleep stages (N2: F = 4.85; p = 0.028; N3: F = 7.71; p = 0.0056; REM: F = 4.76; p = 0.030), where a greater BMI z-score increase was associated with a higher the percentage of heart rate patterns.
Effect of AHI normalization and surgery on heart rate patterns
To explore the effect of AHI normalization on heart rate patterns, we performed three-way ANCOVA. No significant differences in heart rate pattern frequency were observed between normalized and not normalized, or study x AHI-normalization interaction, or study x study arm x AHI normalization interactions were observed in any of the sleep stages (Table 3 ). Significant differences in heart rate patterns between baseline and follow-up were observed in nonrapid eye movement (NREM) sleep stages, consistent with the two-way analysis. Comparing the eAT and WWSC arms, heart rate patterns in the eAT arm are slightly but statistically significantly less frequent than in the WWSC arm in N3. Study x study arm interaction effects and study arm x AHI-normalization interaction effects were significant in all stages of sleep, consistently pointing towards a bigger reduction in heart rate patterns post-AT in both AHI-normalized and not normalized children.
Of the covariates included in the models, increase in age was associated with a reduction in heart rate patterns in non-REM sleep (N2: F = 7.211; p=0.008, N3: F = 87.386; p=0.007). Study x BMI z-score change interaction showed a weak yet significant association with heart rate patterns in sleep stage N2 (F = 4.117; p=0.043). The percentage of patterns increases as the BMI z-score increases.
Post hoc comparison of children who did not AHI-normalize spontaneously at follow-up (Figure 2) showed significantly more frequent heart rate patterns in all three sleep stages than children who underwent surgery, but did not normalize (N2: Considering baseline PSG in the WWSC arm, children whose AHI normalized spontaneously showed significantly lower frequencies of heart rate patterns than children in whom AHI did not normalize (N2: p = 0.027; N3: p = 0.037; REM: p = 0.016) These differences persisted at follow-up (N2: p = 0.001; N3: p = 0.005; REM: p = 0.013). Children who had spontaneously AHInormalized also showed significant less frequent heart rate patterns at baseline compared with children in the eAT arm in N2 (p = 0.0341, Figure 2 , A and D) and REM sleep (p = 0.0053, Figure 2 , C and F).
In the WWSC arm, heart rate patterns were significantly less frequent during follow-up PSG than during baseline PSG in both the AHI-normalized and not normalized subgroup in NREM sleep stages (AHI-normalized: N2: p = 0.002; N3: p = 0.007, AHI not normalized: N2: p = 0.024; N3: p = 0.026).
Similar results were also found in the eAT arm where the difference was even more significant. Heart rate patterns reduced even more dramatically at follow-up than in the WWSC arm in both AHI-normalized and not normalized subgroups in all sleep stages (AHI-normalized: N2: p < 0.00001; N3: p < 0.00001; REM: p < 0.00001, AHI-not normalized: N2: p = 0.0002; N3: p = 0.0015; REM: p = 0.020).
Discussion
Our study demonstrates that AT for childhood obstructive sleep apnea affects autonomic cardiac modulation. By employing a nonlinear signal processing technique originating from the mathematical framework of symbolic dynamics, we observed a significant reduction in the relative frequency of steadily increasing and decreasing heart rate patterns post AT; this effect was independent of the AHI-normalization.
Considering the WWSC arm, the AHI normalized spontaneously in 43.35 per cent of children. A reduction in steadily All p values have been obtained using two-way ANCOVA adjusted for likely confounding factors of age (5 to 10 years of age), race (black, white, and other), BMI z-score, BMI z-score change, and gender.
n.s. = not statistically significant. Table 3 . Per-protocol comparison of heart rate patterns between sleep study, study arm and AHI normalization for three sleep stages All p values have been obtained using three-way ANCOVA adjusted for likely confounding factors age (5 to 10 years of age), race (black, white, and other), BMI z-score, BMI z-score change, and gender.
n.s. = not statistically significant.
increasing/decreasing heart rate patterns was evident in NREM sleep, possibly due to the effect of aging [29] . Importantly, children whose AHI normalized spontaneously already had fewer heart rate patterns at baseline PSG and also lower AHI values, demonstrating that their OSAS was milder to begin with, challenging the notion of spontaneous OSAS resolution. Quantification of heart rate patterns may help stratifying children who may not require AT. It is conceivable, and indeed it has been frequently argued, that the diagnostic accuracy of PSG is poor in children with mild UAO based on AHI criteria, classifying them somewhat arbitrarily as either normal or having OSAS [10, 30] . The rate of spontaneous OSAS resolution, observed in the original CHAT report, exemplifies the bluntness of AHI as a much-described gold standard diagnostic tool and predictor of outcomes in the pediatric population. Considering those children that have been classified as not normalized based on their AHI regardless of the study arm, we observed the reduction in their increasing/ decreasing heart rate patterns after 7 months, but the effect was significantly higher in children who underwent surgery compared with those in the WWSC arm. This further demonstrates the benefit of AT for reducing autonomic cardiac modulation in these children; pronounced autonomic cardiac modulation appears to persist if not treated.
The reduction in frequency of steadily increasing/decreasing heart rate patterns following surgery indicates a reduction in neural outflow to the heart. Although the (patho-) physiological source of those patterns cannot be clearly identified from this analysis, they likely reflect subcortical activation due to increased inspiratory load. We have previously shown slower breathing rate and increased thoraco-abdominal asynchrony in these children [31] and others [32] that might modulate cardiac rhythm via central mechanisms and baroreflex blood pressure control.
Importantly, we excluded any discrete respiratory events identified by experienced sleep technicians using current scoring conventions from the analysis; heart rate patterns quantified in this study are therefore not the secondary result of clinically scored obstructive events, but rather capture independent information that is currently not included in standard sleep assessment.
HRV has been previously studied in children with OSAS to quantify cardiac autonomic control, but findings reported in the literature are conflicting. In an early study on a small number of children with OSAS, typical heart rate patterns associated with respiratory events were observed in Poincare plots [15] . More recent studies have shown lower HRV in children with OSAS compared with controls, during wakefulness [2] and event-free sleep and argued that it indicates an increased sympathetic activity [16] . Other authors believe reduced HRV points towards an overall depression of autonomic tone [17] . Power spectrum analysis of HR during event-free period sleep in children with OSAS demonstrated increased power in lower frequency range in comparison to normal children, which has been interpreted as increased sympathetic activity [18] . Others have reported higher HRV in children with moderate to severe OSAS arguing for altered "sympathovagal balance" during sleep that was present when respiratory events are included and in event-free sleep [19] .
Discrepancy in HRV analysis results can be partly explained by methodological differences (e.g. the somewhat arbitrary definitions of high frequency and low frequency bands in the power spectrum, neglecting the confounding effect of respiratory rate) and high interindividual differences that are common in the normal population and more so in patient cohorts, yielding low sensitivity and specificity. Previous analysis of CHAT data found a weak relationship between OSAS and heart rate Figure 2 . Heart rate patterns in sleep stages in children who underwent eAT versus WWSC at baseline and follow-up PSG grouped by AHI normalization. Data are presented as mean and SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. [33] , but no differences in respiratory sinus arrhythmia [4] . Here, we employed a technique that overcomes some of these issues; symbolic analysis is robust to noise, captures nonlinear as well as linear characteristics, and often yields superior performance. Unlike conventional HRV analysis, it does not quantify the magnitude of HRV, but its dynamics (patterns). Results are therefore unaffected by high interindividual differences in the magnitude HRV.
Our study suggests that heart rate pattern analysis may add additional information towards diagnosis of OSAS by quantifying the level of autonomic modulation in children at the mildmoderate range of the OSAS spectrum. Frank apneic events rarely occur in that part of the spectrum in children; therefore, counting the frequency the discrete respiratory events may not capture the full extent of respiratory disturbance. For example, subtle UAOs may cause children to snore when working against increased inspiratory load, and those characteristics are not identified in the OAHI index [34, 35] .
Our analysis shows that heart rate pattern frequency was positively correlated with standard PSG measures of hypoxia and hypercapnia, suggesting that children with more serve OSAS also have higher levels of respiratory load during respiratory event-free sleep, as reported previously [31] .
Our study has several limitations: the children studied here were only in the mild to moderate range of the OSAS spectrum, and only been followed for a short period of 7 months. The heart rate patterns described here may likely be more frequent in more severe OSAS cases. We did not observe an overall effect of AHI-normalization on heart rate pattern frequency; this illustrates limited ability of the AHI to capture autonomic activation related to mild OSAS. Several recordings were excluded from the analysis due to the poor quality of the signal. Anti-inflammatory medication, such as Montelukast, might have some effect on autonomic heart rate modulation in some patients. Interestingly, many children in both groups were receiving nasal steroids, which did not seem to influence AHI normalization.
In conclusion, children with OSAS benefit from AT that reduces cardiac autonomic modulation during sleep, regardless of whether the child was considered cured as measured by AHI. We identified a previously unreported baseline difference in heart rate dynamics in children who normalize AHI spontaneously. Symbolic analysis of heart rate pattern is a robust tool for measuring the cardiac autonomic modulation and may therefore help identify children with mild-moderate OSAS who do not require surgery.
Supplementary Material
Supplementary material is available at SLEEP online.
